Purpose/Objectives: To retrospectively evaluate the plan quality, treatment efficiency, and accuracy of volumetric modulated arc therapy (VMAT) plans for thoracic spine metastases using stereotactic body radiotherapy (SBRT). Materials/Methods: Seven patients with thoracic vertebral metastases treated with noncoplanar hybrid arcs (NCHA) (1 to 2 3D-conformal partial arcs +7 to 9 IMRT beams) were re-optimized with VMAT plans using three coplanar arcs. Tumors were located between T2 and T7 and PTVs ranged between 24.3 and 240.1 cc (median 48.1 cc). All prescriptions were 30 Gy in 5 fractions with 6 MV beams treated using the Novalis Tx linac equipped with high definition multileaf collimators (HDMLC).
Conclusions: VMAT plans have shown improved dose distributions and normal tissue sparing compared to NCHA plans. Significant reductions in treatment time could potentially minimize patient discomfort and intrafraction movement errors. VMAT planning for SBRT is an attractive option for the treatment of metastases to thoracic vertebrae, and further investigation using alternative fractionation schedules is warranted. 
| INTRODUCTION
The spinal vertebrae are a common site of metastasis for many cancers and can cause significant pain and neurologic dysfunction. 1 Each year, nearly 20,000 new cases of spinal metastases are diagnosed in
North America with an annual prevalence of around 100,000
cases. [2] [3] [4] Bone metastases are common in many different solid tumors with up to 90 percent of patients with breast or prostate cancer having osseous disease in autopsy studies. 5, 6 Pathologic fractures in the spine from metastases are painful and debilitating resulting in poor quality of life, which is an important consideration in the setting of recent life-prolonging advances in systemic treatment for metastatic disease. [7] [8] [9] [10] For these reasons, palliative local management will play an ever more crucial role in the treatment of metastatic cancer involving the spine.
Randomized data support the combination of surgery and radiation in cases of spinal cord compression; however, the optimal management for spinal metastases without cord compression is still unclear. 11 Radiation offers the advantage of sparing the patient from an invasive procedure, but conventional techniques are limited by the tolerance dose of the spinal cord. 12 Conventional single fraction treatments (BED~14 Gy 10 ) and multifraction treatments (BED~30-40 Gy 10 ) have demonstrated low clinical complete response rates and suboptimal tumor control. Retreatment is often required, especially for single fraction treatments, and may be precluded by prior radiation leaving surgery as the only option. [13] [14] [15] [16] SBRT has emerged as an attractive method of dose escalation (BED~40-80 Gy 10 ) while respecting spinal cord tolerance through advanced planning techniques using image-guided (IG) intensitymodulated radiation therapy (IMRT). [17] [18] [19] [20] [21] SBRT can be delivered on multiple platforms with IMRT including multileaf collimator (MLC) equipped on most treatment units, TomoTherapy, or CyberKnife. Delivery of SBRT to the vertebrae while avoiding the spinal cord typically requires the generation of complex hybrid plans consisting of noncoplanar partial arcs and static IMRT beams.
While these methods produce highly conformal plans with a higher BED and shorter overall treatment time as compared to traditional two-dimensional palliative dose regimens, the individual treatments are lengthy and require a large number of total monitor units.
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Methodology to minimize BOT is an area of interest for SBRT to the spine due to concerns over intrafraction motion and patient comfort. Volumetric Modulated Arc Therapy (VMAT) is an elegant technique of delivering IMRT that allows for shorter treatment times achieved by optimizing MLC positions and dose rate while the gantry rotates around the patient with the beam-on. [23] [24] [25] SBRT to the spine has been demonstrated to be feasible and safe in a phase I study; however, concerns over the possibility of vertebral compression fracture and radiation-induced myelitis remain and are an active area of investigation. [26] [27] [28] Techniques for planning and immobilization are of special interest in regards to limiting toxicity by keeping treatment times and intrafraction motion to a minimum. 29, 30 In this report, we retrospectively evaluate VMAT plans for thoracic spinal metastases using SBRT in terms of plan quality, treatment efficiency, and accuracy.
| MATERIALS AND METHODS

2.A | Hybrid planning and treatment procedure
For this retrospective study, we replanned seven patients in the Eclipse version 11.0 treatment planning system (Varian, Palo Alto, CA, USA). These patients were previously treated at our institution for thoracic vertebral metastases with SBRT using iPlan (BrainLAB, 
2.B | VMAT planning
After obtaining institutional review board approval from our institution, all DICOM 3D-CT datasets and contoured structures for the seven treated patients were electronically transferred from BrainLAB iPlan workstation to Eclipse treatment planning system for the purpose of replanning and optimization using the VMAT technique.
All VMAT plans were generated for use with a 6 MV beam on a
Novalis TX linear accelerator equipped with HDMLCs (2.5 mm leaf width at isocenter) with a maximum dose rate of 600 MU/min. The MLC motion were optimized in VMAT plans using the inverse optimization algorithm in the Eclipse TPS to achieve desired dose distributions.
2.C | Evaluation of dose distribution
Dose volume histograms were generated for all hybrid and VMAT treatment plans in the Eclipse TPS for the PTV, spinal cord, esophagus, and heart. Dosimetric evaluation of these plans was performed by calculating conformality index (CI) and heterogeneity index (HI) using the DVH of the PTV.
The CI as defined per ICRU is:
where V ip represents the treated volume enclosed by the prescription isodose line and V (target) represents the target volume for the PTV. CI values near unity indicate superior plan conformity of dose distribution to the target volume. The HI as defined per ICRU is:
where D 2% and D 98% correspond to the dose delivered to 2% and 98% of the PTV, respectively, and D median represents the median dose to the PTV. Smaller values of HI indicate better dose homogeneity within the target volume.
Each hybrid and VMAT plan was evaluated for PTV coverage and dose to the OARs (spinal cord, esophagus, and heart).
2.D | Efficiency and dose delivery accuracy
The is shown along with the minimum dose to the hottest 1000 cc of lung (D1000 cc) as an indicator of low dose spread. For VMAT plans compared to hybrid plans, the average maximum dose to the esophagus improved from 27.0 to 22.5 Gy (P = 0.03), and the average maximum dose to heart improved from 15.8 to 13.1 Gy (P = 0.03). Similarly, average esophagus dose to 5 cc volume improved from 21.5 to 17.6 Gy (P = 0.02). There was a trend for improvement in spinal cord and lung sparing, but these findings were not statistically significant.
The average cord max was 19.9 Gy for hybrid plans and 17.8 Gy for
VMAT plans (P = 0.16). The average lung V5 was 19.2 for hybrid plans and 18.5 Gy for VMAT plans (P = 0.42). an average of 7.1 AE 1.0 min to 4.7 AE 0.6 min (P < 0.001).
| DISCUSSION
In this study, we have presented a dosimetric comparison of two methods of delivering SBRT for thoracic vertebral metastases: (a)
noncoplanar hybrid arcs consisting of 1-2 partial arcs and 7-9 static IMRT beams and (b) VMAT with three full coplanar arcs. We found that VMAT plans provided improved dose distributions and improved normal tissue sparing with statistically significant improvements in heart and esophagus doses. VMAT plans were twice as homogeneous as hybrid plans as indicated by the homogeneity index (0.14 vs. 0.27, P = 0.01).
Homogeneous dose delivery is especially important in SBRT treatment of the thoracic spine due to the proximity of the spinal cord to the vertebral bodies, unlike in lung SBRT where The median dose in this study was 24 Gy, and the median follow-up time was 12 months. A dose-response model was generated, which revealed sharply increasing rates of toxicity when the dose to the hottest 2.5 cc of the esophagus (D2.5 cc) was greater than 14 Gy.
Under 14 Gy, the risk of grade 3 + toxicity was <5%, but this risk increased to 15% at a D2.5 cc of 20 Gy. 34 The esophageal dose constraints on the RTOG 0631 protocol were D0.3 cc < 18 Gy, and D5 cc < 11.9 Gy. 33 In our single fraction study, the maximum dose to the esophagus was 11.2 Gy on average (range 7.1-14.9 Gy), which was well below the protocol requirement. 32 In the current study with 5 fraction SBRT, the average maximum esophagus dose with VMAT plans was 22.5 Gy, which equates to a biological effective dose (BED) of 56.3 Gy using an alpha/beta ratio of 3 for late toxicity. The average D5 cc was 17.6 Gy, which has a BED of 38.3 Gy. These were similar to the maximum and D5 cc doses on the single fraction study, which were 53.0 and 36.7 Gy BED, respectively. However, the BED of the maximum and D5 cc doses for the hybrid plans on the current study were much higher at 75.6 and 52.3 Gy, respectively. Our results suggest that fractionated VMAT plans offer significantly reduced esophageal toxicity compared to hybrid plans. Effective doses to the esophagus are similar compared to single fraction plans but come with the benefit of a wider therapeutic ratio conferred by delivering the dose over multiple fractions. Knife. 36 The authors reported that CyberKnife was the only modality that used noncoplanar beams and produced the lowest spinal cord doses and best conformality; however, these benefits came at the cost of much longer treatment times. In our study, we found that VMAT allowed for faster delivery of radiation compared to noncoplanar hybrid plans while actually improving conformality and normal tissue sparing. The average beam-on time was 4.7 min for VMAT compared 7.1 min for hybrid plans (not accounting for couch kicks). In actuality, effective treatment times for hybrid plans using noncoplanar arcs are much longer due to required repositioning of the table (couch kicks) by the therapist during treatment. For the patient population with spinal metastases undergoing palliative radiation, prolonged treatment times can cause significantly more pain and discomfort, which can also result in additional patient movement and aborted treatments. Our results demonstrate that VMAT allows for faster treatments through the use of coplanar arcs without sacrificing target coverage and OAR sparing.
Wu et al. have previously reported a series of 10 patients treated with SBRT to the spine using either static IMRT or VMAT plans (with one or two arcs). When only one arc was used, VMAT plans were significantly worse in terms of spinal cord dosing, but there was no difference with two arcs. The mean treatment times were improved with VMAT plans (6.38 min beam-on time for 2 arc plans).
In our study, we used three coplanar arcs for VMAT plans, and found similarly improved treatment efficiency without any significant difference in spinal cord sparing. 37 
| CONCLUSION
In this paper, we have presented the results of our study investigating the feasibility of using VMAT for SBRT spine treatments instead of noncoplanar hybrid arcs. VMAT plans resulted in improved dose distributions and normal tissue sparing compared to NCHA plans.
Treatment times were significantly shorter with VMAT plans, which is advantageous in both clinical efficiency as well as minimizing patient discomfort and intrafraction movement error. VMAT planning using SBRT is an attractive option for the treatment of metastases to thoracic vertebrae, and further investigations using alternative fractionation schedules are warranted.
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